A large-scale mutagenesis screen was performed in Medaka to identify genes acting in diverse developmental processes. Mutations were identified in homozygous F3 progeny derived from ENU-treated founder males. In addition to the morphological inspection of live embryos, other approaches were used to detect abnormalities in organogenesis and in specific cellular processes, including germ cell migration, nerve tract formation, sensory organ differentiation and DNA repair. Among 2031 embryonic lethal mutations identified, 312 causing defects in organogenesis were selected for further analyses. From these, 126 mutations were characterized genetically and assigned to 105 genes. The similarity of the development of Medaka and zebrafish facilitated the comparison of mutant phenotypes, which indicated that many mutations in Medaka cause unique phenotypes so far unrecorded in zebrafish. Even when mutations of the two fish species cause a similar phenotype such as one-eyed-pinhead or parachute, more genes were found in Medaka than in zebrafish that produced the same phenotype when mutated. These observations suggest that many Medaka mutants represent new genes and, therefore, are important complements to the collection of zebrafish mutants that have proven so valuable for exploring genomic function in development. q
Mutants serve as an important entry point to the understanding of gene function. In particular, systematic screening for mutations among a mutagenized population of model organisms has been a powerful approach to identifying genes and their functions involved in specific cellular processes. The assignment of individual genes responsible for mutations has been greatly facilitated by recent advances in genomic research (e.g. physical maps and whole-genome sequencing). This approach has been particularly useful in revealing the ontogenetic process, and was successfully applied to invertebrate animals and plants, such as Drosophila melanogaster, Caenorhabditis elegans, and Arabidopsis thaliana (Nü sslein- Volhard and Wieschaus, 1980; Brenner, 1974; Mayer, 1991) .
Among vertebrates, small fish are suitable for mutational investigations, for their ease of rearing in a relatively compact space, reasonably short generation time and, in particular, the translucent embryos they produce. In many species, embryos develop outside the mothers' body rendering them easy to inspect visually and to manipulate their tissues and cells (refer to Kimmel, 1989) . One such fish is the zebrafish, Danio rerio; the accomplishment of largescale mutagenesis screens Driever et al., 1996) and use of mutants to study developmental processes carried out in the past two decades have established the zebrafish as the premier vertebrate for unbiased analyses of genomic functions in development.
However, the use of a single species for mutagenesis screening will not be sufficient to uncover all gene functions, partly because of functional overlap among related genes, which is a common feature of vertebrates. This problem may be alleviated by the use of a second fish species where usage of genes may vary subtly from zebrafish. We therefore adopted Medaka as another fish species for large-scale identification and recovery of mutations. Medaka, Oryzias latipes, has been used as an experimental model animal since the 1920s (Aida, 1921) . Sex chromosome-dependent sex determination (Aida, 1921) , demonstration of hormone-induced sex reversal (Yamamoto, 1965) and identification of the sex determining gene DMY (Matsuda et al., 2002; Nanda et al., 2002) made this fish species a good model to study the mechanisms of sexual differentiation. Genetic tools have been generated including established inbred strains (Hyodo-Taguchi et al., 1983) , a fine-scale genetic map derived from polymorphic markers (Naruse et al., 2000) and quantitative trait loci (Ishikawa, 2000) . Medaka has a small genome size (onehalf of that of zebrafish and only twice that of Fugu) and is phylogenically distant from zebrafish, diverging about 110 million years ago (Wittbrodt et al., 2002) , making it useful for comparisons of conserved and divergent gene functions in teleost evolution (Ohno, 1970; Amores et al., 1998) .
Small-scale pilot screens for mutations affecting the development of the eyes and nervous system (Loosli, et al., 2000; Ishikawa, 2000) suggested a significantly different spectrum of mutant phenotypes from those described for zebrafish and provided encouragement for expanded mutagenesis screening using Medaka.
In this overview paper, we summarize the results of a large-scale systematic screen for mutations in Medaka. The major focus of this mutant screen was on embryonic pattern formation and organogenesis. In addition to morphological criteria, a variety of labeling techniques were used to detect abnormalities in specific cellular features or cell behaviors. The Kyoto collection of Medaka mutants will complement and extend analyses on zebrafish and mouse mutants (Hrabe de Angelis et al., 2000; Nolan et al., 2000) and expand our understanding of general mechanisms underlying organogenesis.
Results

Overall design of mutagenesis screen
We carried out a large-scale mutagenesis screen to detect mutations that produce defects ranging from early body patterning to cellular differentiation and organ formation. In addition to morphological criteria, various screening procedures were used to detect more subtle abnormalities in specific structures or functional processes. Germ line cells, thymocytes, optic, cranial and lateral line nerves, and optic tectal projections of retinal ganglion cell (RGC) axons were visualized by in situ hybridization, immunostaining or fluorescent dye injection in fixed embryos. In addition, the potential for DNA repair and bilirubin and lipid metabolism associated with liver function were examined.
An essential step in a large-scale mutagenesis screen is to start with a wild-type strain suitable for identifying zygotic, recessive mutations. After brother -sister mating from the Cab strain (Wittbrodt et al., 2002) for more than nine generations, a substrain (Kyoto-Cab strain) was selected for high fecundity and a low background of abnormal embryonic development. A three-generation in-crossing scheme was used to generate F3 embryos homozygous for mutations induced in founder males (Fig. 1) .
To introduce mutations into the germ line, male founder adult fish were treated with ENU (N-ethyl-N-nitrosourea) (Shima and Shimada, 1988) , which has been used for mutagenesis in zebrafish (Mullins et al., 1994; Solnica-Krezel et al., 1994) and mice (Russell and Montgomery, 1982) . ENU is known to introduce point mutations very efficiently and relatively randomly in spermatogonia (Russell and Montgomery, 1982) . Crossing ENU-treated founder males with albino mutant females (specific locus test) indicated the efficiency of mutagenesis ranged from 1/ 196 to 1/726 under the conditions employed (refer to Section 4).
We raised ca. 1300 F2 families, and used 1137 F2 families to produce the potentially homozygous F3 embryos bearing mutations. Of the more than 6700 F2 pairs mated, 6088 intercross pairs successfully produced progeny, and 24,887 clutches (a set of eggs produced per mating) were used for mutant screening. Nearly 260,000 F3 embryos were inspected during the screen. In total, 1588 mutagenized haploid genomes were screened for recessive mutations.
Detection of mutant phenotypes
Screening for morphological abnormalities in live embryos was performed at three stages of development, namely st. 19 -21 (27 -34 hpf, hours post-fertilization), st. 25 -27 (50 -58 hpf) and st. 32-35 (4 dpf, days postfertilization) (Fig. 2) . The earliest stage was chosen for identifying defects in early embryonic patterning, including gastrulation, dorso-ventral polarity, body axis formation, and early tissue degeneration. Screening at the second time point focused on the rudiments of organs, such as the eye vesicles, brain, heart primordium, otic vesicles, somites and notochord. At the third time point, abnormalities in organ morphogenesis were detected by screening the olfactory bulbs, brain ventricles, otic vesicles, liver, heart, vasculature, and pectoral fin buds. Special attention was paid to morphological abnormalities accompanied by cell degeneration, since specific patterning defects can produce localized cell degeneration at later stages .
While zebrafish lay about 100 eggs once in 1 -2 weeks, Medaka spawns 10 -40 eggs daily. We thus collected embryos from each pair for five consecutive days per week over two-week period, and used these different clutches of embryos in multiple assays. This feature of the Medaka system enabled simultaneous inspection of different clutches of embryos from the same parental pair at staggered developmental stages. Simultaneous observation of embryos at different ages but derived from the same parents also provided confirmation that abnormalities were genetic rather than the result of compromised egg quality.
Phenotypes affecting specific cell types were assessed by labeling of whole-mount specimens of fixed embryos using tissue-specific riboprobes (Fig. 3) . In situ hybridization with a vasa probe allowed the visualization of primordial germ cells (Fig. 3A, A 0 ) and differentiated germ cells (Fig. 3B ,B 00 ) at st. 26 (59 hpf) and 15 dpf, respectively (Shinomiya et al., Fig. 1 . A scheme of breeding of mutagenized fish population to identify recessive mutations (Adopted from Haffter et al., 1996, with modification) . Males 4 weeks after treatment with ENU were mated with wild-type females to produce F1 progeny, which are heterozygous carriers of mutations derived from the mutagenized paternal genome. Many pairs of F1 fish were mated to generate F2 families, each consisting of about 60 fish derived from a single pair. A mutation designated as m harbored in an F1 parent is transmitted to one-half of the F2 families. Random brother-sister mating within an F2 family is expected to produce homozygotes of the mutation at a frequency of 1/4, assuming that the Mendelian ratio applies: When both F2 parents are heterozygous for mutation m, one-fourth of their F3 progeny will be homozygous for m and exhibit the mutant phenotype (shown on the right side). 2000). The rag1 probe was used to detect thymocytes in st. 32 embryos (Fig. 3C ,C 0 ). Immunostaining using a mixture of anti-acetylated tubulin and HNK1 antibodies was performed to detect axons forming cranial and lateral line nerves at st. 32 (Fig. 3E ,E 0 ). The topographic projection of axons from RGCs to the optic tectum was visualized by injecting DiI and DiO at the ventrotemporal and dorsonasal positions, respectively, of retinas, as previously described in a screen for zebrafish retinotectal mutants (Fig. 3F ,F 0 ) .
Liver-associated physiological activity involving bile and lipid metabolism was scored by bile color (Fig. 3D ) and the accumulation of a fluorescent metabolite of PED6, a phospholipase A 2 substrate (Farber et al., 2001) , in the gall 
bladder in living embryos ( Fig. 3G ,G 0 ). DNA repair activity during embryogenesis was tested by examining recovery after exposure of developing embryos to a sublethal dose of g-ray radiation (Fig. 3H,H 0 ). Together, using all of the screening methods, a total of 2031 embryonic lethal mutations were identified ( Table 1) . As Medaka embryos hatch at 9 dpf at 28 8C, mutant embryos that failed to hatch by this time were defined as carrying embryonic lethal mutations. Among these mutations, we selected 372 for further analyses on the basis of their specific phenotypes. F2 parents carrying the mutations of interest were outcrossed to wild-type fish and the F3 progeny raised and used for reidentification and recovery of mutations. The remaining mutations caused (1) non-specific general abnormalities, such as overall degeneration, retardation and edema as reported previously in zebrafish (Mullins et al., 1994; Solnica-Krezel et al., 1994) or (2) more specific phenotypes that were also accompanied by generalized retardation or degeneration. From the F3 generation, a total of 312 mutations were recovered and subjected to more detailed characterization.
Mutant classification and complementation analysis
Mutations recovered from the F3 generation were grouped into several classes according to the phenotype of homozygous mutants (Table 2) . Within a class, heterozygous carriers of independently isolated mutations were intercrossed to test for genetic complementation. Complementation testing was completed for 126 mutations, and indicated that these mutations define 105 distinct genetic loci.
Mutant phenotypes 2.4.1. Forebrain mutants
Formation of the forebrain was affected in 33 mutants of 25 genes . The mutations were grouped into two major phenotypic classes: Group 1 included mutations in 11 genes that resulted in a reduced telencephalon and Group 2 mutations in 14 genes produced abnormal morphology of the telencephalon without significantly affecting its size. In zebrafish, the development of the telencephalon is affected in knollnase (kas), masterblind (mbl) and silberblick (slb) embryos , and mutants associated with midline defects resulting in cyclopia or a curly tail down phenotype . Mutations in Medaka affecting forebrain formation appear distinct from those in zebrafish as judged by their morphology (Fig. 4) , although a careful comparison of Medaka and zebrafish mutant phenotypes using specific markers is necessary to confirm this observation. As noted above, tissue degeneration Medaka mutants are roughly classified into 17 groups according to their phenotype, and the regions of CNS affected by the group of mutations are indicated by horizontal lines. Possible defect at cellular and tissue levels featuring the phenotype is indicated in the square. Medaka mutants displaying phenotypes resembling those of zebrafish mutations are indicated in red. Group 4 mutants of three genes exhibit a phenotype similar to that of the parachute zebrafish mutant. Group 8 mutants of one gene show the phenotypes analogous to those of masterblind and headless mutants. Group 11 mutants of three genes display the phenotype resembling to those of one-eyed-pinhead zebrafish mutants. Remaining mutations, possibly representing unique phenotypes of Medaka mutations, are indicated in blue. The correspondence to zebrafish mutant phenotype is only authors' interpretation, and does not imply a genetic correspondence. This scheme is drawn merely to provide the readers with an overview of mutant phenotypes, and the details are not necessarily precise. often is a reflection of earlier patterning defects. For instance, the baltan mutant shows severe degeneration in the forebrain and has an early patterning defect .
Early PGC mutants
Many mutations affecting the distribution and/or abundance of PGCs at st. 26 were identified . Mutations in 10 genes caused an altered distribution of PGCs, affecting PGC migration, accumulation and redistribution. The majority of mutant phenotypes in this class were associated with other morphological abnormalities, suggesting that the mutated gene is involved in various aspects of organogenesis. All of the mutations that reduced the number of PGCs exerted their effects only when the mother was a heterozygous carrier, indicating the contribution of maternal factors to the determination of PGC abundance.
Later-stage germ cell mutants
Screening of germ cells for vasa expression was also carried out at the larval stage when the sex of an animal can be distinguished by the abundance of vasa-positive germ cells. The female gonad is large and asymmetric and the male gonad is smaller and symmetric, as shown in Fig. 3 .
The proliferation and/or distribution of germ cells during gonadal development was affected in mutants corresponding to 13 genes . Three mutations caused an increase in the number of germ cells. One interesting mutation, totoro, caused the tumorous growth of immature germ cells in homozygous juvenile adults. In other mutants, the abnormal distribution of germ cell clusters was accompanied by an irregular gonad shape, suggesting an interaction between germ cells and non-germ line gonadal anlage in gonadal development.
Lateral line mutants
The lateral line system is a sensory organ found in fish and amphibians. The posterior lateral line nerve (PLLn) shows stereotyped projections from the hindbrain to the neuromasts, groups of cells receiving sensory stimuli in the trunk. Mutations in four genes were isolated that affected the PLLn trajectory. Among the mutations identified, kazura (kaz) and yanagi (yan) mutations displayed specific defects in projection of the posterior lateral line nerve. The yan and kaz mutants also exhibited defects in the migration of primordial germ cells.
Mutants affecting liver development and function
Mutations in 19 genes affected the liver at various stages of development . These mutations were classified into five phenotypic groups in terms of liver morphogenesis, laterality, bile color, lipid metabolism and endoderm formation. Mutations in the first group, kakurenbo, hiogi, and origami, affect the size of the liver as well as the morphology of the gall bladder and gut, suggesting that these genes are involved in gut endoderm development.
Thymus mutants
Cells derived from three germ layers, neural crest cells from the ectoderm, lymphocytes from the mesoderm and cells of the thymic anlage from the endodermal pharyngeal pouch are thought to contribute to thymus organogenesis (Manley, 2000; Jenkinson et al., 2003; Bennett et al., 2002; Gill et al., 2002) . Using rag1 (recombination activating gene 1) expression in thymocytes as a marker of thymus development, we isolated 24 mutations defining at least 13 genes (Iwanami et al., 2004) . Several mutants showed a range of defects in the pharyngeal arches from which the thymus anlagen develops. Thus, the primary defect may reside in the thymus anlage, leading to the failure of thymus formation. Other mutants with defective rag1 expression showed normal pharyngeal arch development, suggesting that the mutations disrupt colonizing lymphocytes.
Eye mutants
The Kyoto screen together with previous morphological screens identified 60 mutations that affect retinal development (Loosli et al., 2004) . The mutants were grouped into five classes: 11 mutants were affected in neural plate and optic vesicle formation, 15 mutants showed impaired growth of optic vesicles, 18 mutants were defective in optic cup development, 13 mutants showed abnormal retinal differentiation, 12 of which had small eyes and one caused enlarged eyes, and three mutants had abnormal retinal pigmentation.
Retino-tectal mutants
In Medaka, as in other lower vertebrates, the axons of RGCs project to the visual center of the brain, the optic tectum. To project the image on the retina precisely, all the RGC axons connect to the opposite side (contralateral) of the tectum, preserving the topological relationship with different points on the retina. Mutations in five genes affecting the projections of RGC axons to the retina were identified . The misrouting of RGC axons occurred either between the retina and chiasm (Group 1 mutants) or between the chiasm and the tectum (Group 2 mutants). While misrouted axons reached the tectum on the same side (ipsilateral) of the retina in Group 1 mutants, misrouted axons did not project to the tectum in Group 2 mutants. Defects appear to be restricted to RGC axons in contrast to previously described zebrafish mutants , as other tissues appear unaffected in the Medaka mutants.
Somitogenesis mutants
Mutations in nine genes affected somite formation and mutants were classified into two groups (Elmasri et al., 2004) . Group 1 mutations caused phenotypes characterized by the complete or partial absence of somites or somite boundaries and Group 2 mutations resulted in fused somites or somites of irregular size and shape. The majority of the mutants exhibited somitic phenotypes, such as individually fused somites and irregular somite sizes, that were distinct from those found in zebrafish . Three mutations were also isolated that produced characteristic phenotypes similar to those of zebrafish mutations affecting the Delta/Notch signaling pathway .
g-Ray sensitivity mutants
A new type of screen was modified for fish to recover mutants that exhibit increased sensitivity to g-ray radiation during development (Aizawa et al., 2004) . After irradiation of F3 embryos using a dose at which wild-type embryos readily recover from damage, mutants were obtained by screening for whole-embryo viability. Three genes termed ric (radiationinduced curly tailed) 1-3 were identified in this screen. The ric1 mutation was found to affect the repair of doublestranded DNA breaks induced by g-ray, suggesting a DNA surveillance function for the ric1 gene product during early embryogenesis (Aizawa et al., 2004) .
Discussion
We have summarized the characteristics of developmental mutants collected in the first large-scale systematic screen carried out in Medaka in which multiple phenotypic traits were assayed. We observed much commonality between Medaka and zebrafish mutants, as may be expected, but also significant differences in the phenotypic spectrum between the two fish species. This finding validates the use of two complementary fish model systems for mutational analyses to probe developmental and cellular processes.
From a practical point of view, the visibility of a particular tissue during inspection of an embryo is an important factor in determining the ease of mutant identification. In a Medaka embryo, internal organs such as the liver and gall bladder are more conspicuous than those in zebrafish, while the notochord and melanophores are not as easily assayed. The types of mutants isolated in zebrafish and Medaka screens indeed reflect this difference in ease of tissue visualization Driever et al., 1996) .
Distinct phenotypes between Medaka and zebrafish
The similarity in embryogenesis between Medaka and zebrafish allows the comparison and correspondence of developmental stages, morphogenetic landmarks, and hence mutant phenotypes. An important observation is that mutations in Medaka cause unique phenotypes that have so far not been described for zebrafish. For example, many Medaka mutations that affect forebrain development cause novel phenotypes that do not have an obvious correspondence to those of zebrafish mutants .
The extent and timing of functional overlap among related genes may be sufficiently different to produce different sets of mutant phenotypes between the two fish models. Alternatively, regulation of forebrain development may involve divergent genetic pathways in the two species. Another formal possibility is that the susceptibility of some genetic loci to mutagenesis is substantially different between Medaka and zebrafish. In any event, the distinct phenotypes of the recovered mutants underscore the value of studying Medaka and zebrafish in parallel.
Phenotypes shared by Medaka and zebrafish mutants
Several Medaka mutants show a high degree of phenotypic similarity to zebrafish mutants. Recovered mutants with specific defects Watanabe et al., 2004) exhibited phenotypes resembling those of zebrafish bozozok, one-eyed-pinhead, cyclops, masterblind, no isthmus, acerebellar, no tail and spadetail mutants Driever et al., 1996) .
A shared phenotype does not necessarily indicate that exactly the same set of genes or signals operate in the two fishes. Thus, even when the mutant phenotype is very similar, the identification of causal genes in both species is of great interest in understanding the genetic mechanisms involved in a given developmental process. Of particular interest are the cases in which different numbers of genes are assigned to the same phenotypic groups. In zebrafish, single genetic loci are responsible for the phenotypes of one-eye-pinhead and parachute mutants , but in Medaka, mutations in three genes give rise to phenotypes that are analogous to each zebrafish gene .
Another interest would be to learn how the mutational disruption of orthologous genes results in different phenotypes in the two species. This will reveal how genetic mechanisms in the genesis of an organ can vary, and how the usage and/or regulation of orthologous genes has diversified in phylogeny. Differences in expression patterns and mutant phenotypes of orthologous genes in two related species have been discussed in terms of a model of gene duplication and complementing degenerative mutations (Force et al., 1999) .
Mutations affecting tissue organization
Mutants with abnormalities in tissue organization and integrity fell into three distinct phenotypic groups. The first two groups appear to be unique to Medaka. In the first group of mutants, the initial specification of various brain regions appears to proceed normally, but these regions are gradually dislocated and/or disorganized by later stages of development. This was observed for the fukuwarai, yuzen and kagome mutants Watanabe et al., 2004) . The second group, represented by hirame, is defective in the convergent movements of subsets of cells toward the dorsal axis. While epiblast cells appear to converge normally in this mutant, cellular convergence in the hypoblast is seriously impaired, resulting in a reduced dorso-ventral thickness of the tissue along the body axis . By contrast, in zebrafish silberblick (Heisenberg et al., 2000) , knypek (Topczewski et al., 2001) and trilobite mutants (Jessen et al., 2002) , medial convergence of cells in both the epiblast and hypoblast layers is affected. In spadetail zebrafish mutants, the convergence of paraxial and intermediate mesoderm fails in the trunk region while epiblast movements are relatively normal. The last group consists of the oobesshimi, samidare and shigure mutants that are characterized by the exfoliation of neural cells in the ventricle , reminiscent of zebrafish parachute mutants (Erdmann et al., 2003; Lele et al., 2002) .
Development of primordial germ cells and the lateral line
The early development of primordial germ cell (PGC) is considerably different between Medaka and zebrafish. In zebrafish, germplasm-derived vasa mRNA is localized close to the cleavage plane at the four-cell stage, and this is reflected by four-cell clusters with high vasa expression close to the blastoderm margin at the onset of gastrulation (Weidinger et al., 1999) . In Medaka, vasa-expressing cells appear only at the late-gastrula stage, and are scattered in the posterior one-third of the embryonic shield (Shinomiya et al., 2000) . These observations are consistent with the report that fish of the ostariophysan clade (which includes zebrafish) localize vasa mRNA to the germplasm, and those of the euteleost clade (which includes Medaka) do not (Knaut et al., 2002) . The subsequent migration of PGCs to the gonadal anlage has some similarity between the two species, although the pathways of cellular migration differ . Medaka mutations affecting PGC development were screened for altered vasa expression, and mutations in 10 genes that affect PGC migration were identified . Among the mutants, those of kazura and yanagi also have a defect in the distribution of lateral line primordia .
In zebrafish, chemokine SDF1 and its G-protein-coupled receptor CXCR4b were shown to be required for the proper guidance of the migration of PGCs and lateral line primordia (Doitsidou et al., 2002; David et al., 2002) . Indeed, a zebrafish mutant showing aberrant migration of PGCs and the lateral line has been isolated, and was recently found to have a mutation in the cxcr4b gene (Knaut et al., 2003) .
The phenotypes of kazura and yanagi mutants with affected migration of PGCs and lateral line primordia resemble those of the zebrafish mutants in which SDF1/CXCR4b interaction is impaired . While the kazura locus is linked to Medaka cxcr4, yanagi is neither linked to cxcr4 nor sdf1, implying that yanagi codes for a new component of the SDF1-CXCR4b signaling pathway. In mice, it was also reported that germ cell migration and survival require SDF1/CXCR4 interaction (Molyneaux et al., 2003) , indicating a high degree of evolutionary conservation in the mechanism regulating PGC migration.
vasa Expression was also employed to mark germ cells in developing gonad, and was useful in identifying gonad development mutants . In normal Medaka growth, distribution and differentiation of germ cells are clearly dimorphic reflecting genetically defined sex (Aida, 1921) , but some gonad mutants lack this dimorphism, suggesting uncoupling of the gonadogenesis from the process downstream of the sex determination gene DMY (Matsuda et al., 2002; Nanda et al., 2002) . Other mutants show abnormal ftz-f1 expression that marks gonadal somatic cells. These mutants should prove useful in identifying the possible interaction of somatic and germ cells and the mechanisms underlying sexually dimorphic gonad development.
Prospect: towards elucidating vertebrate genome function
The analysis of mutational defects at the cellular level and the characterization of mutated genes are essential in defining the functions of genes in organogenesis and development. Focusing on neurogenesis, we have carried out cell lineage and migration analyses to map cell fates in Medaka . A battery of genomic tools and resources for mutation mapping and gene cloning is already available (Zadeh Khorasani et al., 2004) . The relatively small size of the Medaka genome, the availability of inbred strains with a high frequency of polymorphisms in Medaka, and the substantial syntenic preservation of gene alignments between Medaka and Fugu will facilitate positional cloning of mutated genes. The recent success of cloning the b gene (Fukamachi et al., 2001) , eyeless gene (Loosli et al., 2001 ) and sex determining gene DMY (Matsuda et al., 2002) are just a prelude to forthcoming achievements. Genome sequencing on the basis of Bac contigs (Zadeh Khorasani et al., 2004) , and by the wholegenome shotgun approach should accelerate such efforts. The accomplishment of ongoing whole-genome sequencing in Medaka and zebrafish will greatly facilitate comparative functional genomics in both species.
Medaka and zebrafish can be reared and bred in the same aquarium system, and can be studied by similar experimental approaches. Their commonality as small rapidly developing fish, as well as their unique genetic traits make them useful as complementary experimental animals. As described in this article, their use as model vertebrates is obviously advantageous in understanding the genomic functions involved in embryogenesis.
Materials and methods
Fish strains and fish maintenance
The Cab and Heino strains were obtained from the Wittbrodt laboratory and the Kaga strain from the Shima laboratory. The Cab strain, originating from the southern population of Medaka (Loosli et al., 2000) , is homozygous for the recessive mutation of b 0 of the B locus, that results in amelanotic melanophores. The Kaga strain is a wild-type strain originating from the northern population and was used for genetic linkage analysis . The Heino strain is homozygous for the albino locus and was used for a specific locus test (Shima and Shimada, 1988) . To establish a subline suitable for a mutagenesis screen, we have carried out brother -sister mating of the Cab and Kaga strains for more than nine generations. Strains with reasonable fecundity and a very low background of embryonic abnormalities in the temperature range between 18 and 32 8C, (Kyoto-Cab (K-Cab) and Kyoto-Kaga (KKaga) were established.
To carry out a large-scale mutagenesis screening, we used a fish cultivating system (Aquatic Habitats) equipped with 120 racks that can hold approximately 6000 tanks. Fish cultivation water was prepared by adding Red Sea salts (0.03%) to reverse osmosis water. Fish water was circulated with 10% daily exchange to new water.
Mutagenesis and breeding
Fish were mutagenized using available protocols for zebrafish and Medaka with modifications (Solnica-Krezel et al., 1994; Mullins et al., 1994; Loosli et al., 2000) . Males of the K-Cab strain were treated with a solution containing 3 mM N-ethyl-N-nitrosourea (ENU) in 10 mM sodium phosphate (pH 7.0) at 27 8C for 1 h three times at threeday intervals. Starting from four weeks after the last ENU treatment, mutagenized males (G0) were crossed with KCab females to generate an F1 progeny (Fig. 1) . Ten G0 males were crossed with homozygous Heino albino females for a specific locus test. The test was performed after many F1 fish were produced by crossing the G0 males with wild type females, and a large fraction of mutagenized males died before the test was completed. Thus, not all mutagenized males were subjected to the specific locus test. The mutational frequencies of hitting the albino locus under the described conditions were in the range of 1/196 -1/726 among groups of 10 males tested. A total of 1300 F2 families were raised and used for mutant screening.
Mutant screening
Egg collection and phenotype recording
Matings of six to seven sibling pairs were made for each F2 family, and clutches of 15 -40 eggs were collected per day from a pair. Ten clutches of eggs obtained from a pair were grown at three different temperatures (18, 28 and 33 8C) and screened for developmental abnormalities. A dissection stereomicroscope (Leica, MZ12.5) was used for embryo inspection. Observed phenotypes were recorded by a digital camera (Fuji Film, HC-300 Z) at the site of screening, and digitally archived into a database (Henrich et al., 2004) .
Screening using live embryos
Live embryos were morphologically inspected at the three developmental stages, st. 19 -21 (27 -34 hpf), st. 25-27 (50 -58 hpf) and st. 32-35 (4 dpf). Fig. 2 shows normal embryos at stages chosen for mutant screening. Liverassociated lipid metabolism was assessed by the accumulation of fluorescent PED6 metabolite in the liver and gall bladder at st. 34 . The metabolism of hemoglobin into bilirubin was monitored by the color of bile in the gall bladder in live embryos at st. 34. Sensitivity to g-ray was assessed in terms of recovery at st. 32 from irradiation at 9.1 Gy (gray, which is defined as absorption of 1 J/kg. The absorbed-dose rate was monitored by a radiophotoluminescent glass dosimeter and a Fricke dosimeter) at st. 24 (Aizawa et al., 2004) .
Whole-mount staining of fixed embryos
In situ hybridization and immunostaining were carried out for detecting specific molecular markers. Eggs were dechorionated by incubation in a pronase solution at 5 mg/ml (Sigma) and a crude hatching enzyme preparation (an extract of embryos at the hatching period, Ishida, 1944) for 1 h each at 28 8C, fixed with 4% paraformaldehyde (PFA) at stages indicated. PGCs and germ cells were visualized by the hybridization of fixed embryos/larvae with the Medaka vasa probe (Shinomiya et al., 2000) at st. 29 and 15 dpf, respectively Morinaga et al., 2004) . Thymocytes in the thymus were detected by in situ hybridization using Medaka rag1 probe at st. 32 (Iwanami et al., 2004) . Axons and cell bodies of cranial nerves were immunostained using the mixture of anti-acetylated tubulin and HNK-1 antibodies at st. 32 . RGC axons projecting to the tectum were visualized by injecting lipophilic fluorescent dyes DiI and DiO into the diagonal positions of the retina of fixed embryos at 9 dpf Yoda et al., 2004) .
Recovery of mutations and complementation test
After screening, carrier F2 fish were crossed with K-Cab fish to generate an F3 generation family. Carrier F2 males were then sacrificed under anesthesia to collect sperms for frozen stocks. Mutations were recovered in the F3 generation by random mating within F3 families and the identified pairs were crossed with the Kaga strain to generate an F4 generation to be used in linkage analysis. Complementation tests were performed by crossing heterozygous carriers of different mutations that cause similar phenotypes.
